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ABSTRACT: Fluorene-based polymer derivatives are promising
materials for organic electronic devices because of their photo-
luminescence and electroluminescence, good film-forming
ability, and favorable chemical and thermal properties.
Although optical properties of polyfluorene have already been
reported, most of the studies focused on the linear optical
properties, whereas nonlinear optical characteristics have only
recently received more detailed attention. Here, we report on
two polyfluorene derivatives, poly(9,90-n-dihexyl-2,7-fluorene-
diyl) (LaPPS 10) and poly(9,90-n-dihexyl-2,7-fluorene-diyl-vinyl-
ene) (LaPPS 38), which present intense nonlinear absorption
and fluorescence. Two-photon absorption cross-section proper-
ties of both polymers were characterized in the spectral range
from 500 nm up to 900 nm, reaching peak values around 2000
G€oppert Mayer units. Optical limiting behavior and two-
photon-induced fluorescence of both polymers have also been
investigated. Furthermore, the first molecular hyperpolarizabil-
ity of the polymers was also studied using hyper-Rayleigh scat-
tering. In addition, the three-photon absorption (3PA) spectra
of both materials were also investigated, and 3PA cross-
section values in the order of 1 3 10278 cm6 s2 photon22 were
observed. VC 2014 Wiley Periodicals, Inc. J. Polym. Sci., Part B:
Polym. Phys. 2014, 52, 747–754
KEYWORDS: fluorescence; nonlinear polymers; laser induced-
polymers; optics
INTRODUCTION In the last decades, conjugated polymers have
been explored as potential materials for electrical and optical
applications. Within this class of materials, the combination of
important features of polyfluorene derivatives, such as photo-
luminescence and electroluminescence,1,2 thermal and oxida-
tive stability, good film-forming, and hole-transporting
properties,3,4 still offer room for further investigation, notably
concerning their optical behavior. Although the linear optical
properties of polyfluorene derivatives have been the subject of
a large number of investigations, the nonlinear optical charac-
teristics, including two-photon absorption (2PA), has only
recently received a deeper attention.5–12
Molecules can experience 2PA transition when shined by an
intense source of light, such as that from ultrashort laser
pulses. Because the two-photon transition probability is pro-
portional to the square of the laser irradiance, 2PA excitation
is accomplished with a high degree of spatial selectivity.
Additionally, as less energetic photons are used, light pene-
tration is augmented owing to lower light scattering. For
such features, 2PA has been proposed for a wide range of
applications, such as optical limiting, photodynamic therapy,
two-photon polymerization fabrication, and fluorescence
microscopy.13–16
In a recent study,17 we have determined two-photon proper-
ties of three polyfluorene derivatives, poly(9,90-n-dihexyl-2,7-
fluorenedilvinylene-alt-1,4-phenylenevinylene), poly(9,90-n-
dihexyl-2,7-fluorenedilvinylene-alt22,5-thiophene), and poly
[(9,9-di-hexylfluorenediylvinylene-alt-1,4-phenylenevinylene)-
co-((9,90-(3-t-butylpropanoate) fluorene-1,4-phenylene)],
which presented high 2PA values in the spectral range from
490 nm up to 1100 nm. In this study, we report on the
investigation of nonlinear optical properties of two polyfluor-
ene derivatives, poly(9,90-n-dihexyl-2,7-fluorenediyl) (LaPPS
10) and poly(9,90-n-dihexyl-2,7-fluorene-diylvinylene) (LaPPS
38). Both polymers present intense 2PA cross-section in the
region from 500 nm up to 900 nm [reaching peak values of
2000 G€oppert Mayer (GM) units], which favors their optical
limiting action and two-photon-induced fluorescence. Three-
photon absorption (3PA) properties of both polymers have
also been characterized. Finally, by using a train of
VC 2014 Wiley Periodicals, Inc.
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picosecond pulses at 1064 nm, we determined the first
molecular hyperpolarizability of both polymers.
EXPERIMENTAL
Synthesis of Polyfluorene Derivatives
The polyfluorene derivative LaPPS 10 was prepared by
palladium-catalyzed Suzuki coupling reaction between 9,90-
dihexylfluorene-2,7-diboronic acid and 2,7-dibromo-9,90-
dihexylfluorene monomers, according to published proce-
dure.18 LaPPS 38 was synthesized according to the Gilch
reaction, and the monomer was the 2,7-dibromomethyl-9,90
-dihexylfluorene; the detailed procedure can be found else-
where.19,20 The syntheses of LaPPS 10 and LaPPS 38 pro-
vided molar masses of 45,000 and 51,500 g mol21 and
polydispersivities of 2.10 and 2.13, respectively. Both poly-
mers present a similar number of mers per macromolecule
(135 for LaPPS 10 and 143 for LaPPS 38), which should
yield similar conjugation length if the polymers were consid-
ered totally planar.
The polymers presented good solubility in common organic
solvents, which was achieved because of the hexyl branches
inserted along the fluorene backbone. For linear and nonlin-
ear optical measurements, both polymers were dissolved in
chloroform (PA). The chemical structures of both polymers
are displayed in Figure 1(a,b). It is important to point out
that these two polymers present a conjugation length (per
mer) shorter than the ones reported in our previous investi-
gation (ref. 17), which could yield smaller nonlinear optical
effect per mer.
Linear and Nonlinear Optical Properties Measurements
Both polymers were dissolved in CHCl3 to obtain solutions
with concentrations of 1023 mol L21, which were placed in
2-mm-thick quartz cuvette for linear and nonlinear optical
measurements. We used a Shimadzu UV-1800 spectropho-
tometer to obtain the linear molar absorptivity spectra of
the samples, which are displayed in Figure 2 (solid lines).
The 2PA and 3PA cross-section spectra of both polymers
were obtained by the Z-scan technique,21 which provides the
nonlinear absorption coefficients of materials with high
degree of accuracy. Basically, in this method, the sample is
scanned through the focal plane of a focused Gaussian laser
beam, while changes in the far-field intensity are monitored.
In a higher-order absorption transition, the total absorption
FIGURE 1 Chemical structures of (a) poly(9,90-n-dihexyl-2,7-flu-
orenediyl) (LaPPS 10) and (b) poly(9,90-n-dihexyl-2,7-fluorene-
diyl-vinylene) (LaPPS 38).
FIGURE 2 Molar absorptivity (solid line) and 2PA cross-section (r2PA; line with symbols) of (a) LaPPS 10 and (b) LaPPS 38. The
2PA cross-section spectra were plotted as a function of the excitation wavelength divided by two, which is proportional to the
energy of the two photons combined. The insets display the transmittance change (DT) as a function of intensity for wavelengths
at 560 and 600 nm, with linear behavior ((slope  1), given by the red line) evidencing the two-photon absorption process. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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coefficient (a) depends on the light intensity according to
a5 a01 bI1 cI
21 . . ., where I is the laser beam irradiance,
a0, b, and c are the linear, 2PA, and 3PA coefficients,
respectively.
For measuring 2PA and 3PA coefficients separately, we have
selected excitation wavelengths such that 2PA and 3PA do
not coincide. When the sample is in regions far from the
focus, only linear transmittance contributes to the signal.
Conversely, in regions close to the focus, where the laser
intensity reaches high values, the nonlinear terms (bI or cI2)
contribute to the total absorption coefficient. By monitoring
the transmittance change as the sample is scanned along the
focal position, the normalized transmittance curves (T2PA
and T3PA) for 2PA and 3PA can be fitted with eq 1 (ref. 21)
and eq 2 (ref. 22), respectively, as follows:
T2PA ðzÞ5 1ﬃﬃﬃpp q0 z;0ð Þ
ð1
21
ln 11q0 z;0ð Þe2s2
h i
ds; (1)
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p
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This procedure provides the 2PA and 3PA coefficients b and
c, respectively. In eq 1, q0ðz; tÞ5bI0ðtÞL 11z2=z20
 
21 , L is the
sample thickness, z0 is the Rayleigh length, z is the sample
position, and I0 is the pulse irradiance. The 2PA cross-
section, r2PA, can be determined by means of r2PA5 bht/N,
where N is the number of molecules per centimeter cubed,
and ht is the excitation photon energy. r2PA is usually
expressed in GM units, in which 1 GM5 1 3 10250 cm4 s
photon21. In eq 2, RðxÞ5ln
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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q
Þ. The 3PA cross-section,22
r3PA, is determined by r3PA5 c(ht)
2/N.
The experimental setup used for 2PA and 3PA measurements
was based on an optical parametric amplifier pumped by
150 fs pulses at 775 nm delivered by a Ti:sapphire chirped
pulse amplified system. The laser system operates at 1 kHz
repetition rate, pulse duration of 120 fs, and excitation wave-
length from 1100 nm to 490 nm. To ensure a Gaussian
intensity beam profile, spatial filtering was applied to the
laser beam. The output signal was monitored using a silicon
photodetector coupled to a lock-in amplifier.
Two-photon fluorescence spectra were collected by means of
an optical fiber connected to a portable spectrometer, using as
excitation 660 nm from the same laser system described previ-
ously. Two-photon fluorescence emission versus pulse energy
measurements were performed by controlling the pulse energy
by means of polarizers. For each laser pulse energy, the fluores-
cence spectrum was collected and averaged over 5 s.
For the two-photon optical limiting measurements, the sam-
ples were placed into a 2-mm-fused silica cuvette and posi-
tioned at the focal plane of a convergent lens (f5 15 cm).
The input intensity level was controlled by means of two cal-
cite polarizers, moved by a step motor connected to a com-
puter. One polarizer was rotated by a step motor to change
the intensity of the linearly polarized laser beam, whereas
the other one (placed after the first) was used to guarantee
that the beam polarization used to excite the sample was the
same. After the polarizers, a beam splitter was used to yield
the reference beam (a fraction of the incident laser light at
700 nm, 120 fs pulse width, and 1 kHz repetition rate),
which was monitored by a silicon detector, whose signal was
amplified and averaged. Another detector was used to moni-
tor the output intensity, Iout, after the beam passed through
the sample. Before each measurement, a sample with no
optical limiting effect, in this case the net solvent (chloro-
form), was used to calibrate the experimental setup. The fit-
ting (solid line in Fig. 5) of the experimental data was
obtained using eq 1, considering the sample positioned at
z5 0 (focal plane). Iout/I0 is the transmission, and eq 1
describes the behavior of the optical limiting experiment,22
in which the only adjustable parameter is the 2PA
coefficient b.
The first hyperpolarizability of both polymers was measured
by using a Q-switched and mode-locked Nd:YAG laser that
produces infrared pulses at 1064 nm. Each pulse train com-
prises 20 pulses of 70 ps each, separated by 13 ns. The
signal is collected by a photomultiplier with a response time
of 3 ns at FWHM, whereas the reference signal is collected
by a PIN detector with a response time of 1 ns. The value of
the first hyperpolarizability was determined by using p-NA
(solute) in chloroform (solvent) as reference; the experimen-
tal setup details can be found elsewhere.23
RESULTS AND DISCUSSION
The molar absorptivity spectra of LaPPS 10 and LaPPS 38
are represented by solid lines displayed in Figure 2(a,b),
respectively, demonstrating that both polymers are transpar-
ent for wavelengths longer that 450 nm, where the fs-laser
excitation will be performed. One can observe that LaPPS 10
present a defined band centered at 390 nm, whereas LaPPS
38 appears to have a structure of bands from 290 nm up to
450 nm. Additionally, it is observed that LaPPS 38 presents
a small bathochromic shift in the absorption (about 10 nm)
with respect to LaPPS 10, possibly due to the presence of
vinylene group. It can also be observed that LaPPS 10
presents a molar absorptivity 2.5 times higher than LaPPS
38 at 390 nm.
Both polyfluorene derivatives investigated here presented
intense nonlinear optical properties because of the high
degree of conjugation along the polymer backbone [see
chemical structure in Fig. 1(a,b)]. Figure 3(a) shows typical
experimental Z-scan curves for LaPPS 10 and LaPPS 38
obtained by using different excitations wavelengths.
By fitting experimental Z-scan curves with eq 1, we obtained
the 2PA cross-section (in respect to the polymers repeating
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unit) values for LaPPS 10 and LaPPS 38 at specific wave-
lengths. Iterating this procedure for every spectral compo-
nent yields the 2PA cross-section spectra for each sample,
which are displayed in Figure 2(a,b), respectively (line with
symbols). In Figure 2, the 2PA spectra were plotted as a
function of the excitation wavelength divided by two, which
is proportional to the energy of the two photons combined.
In this way, the nonlinear spectra indicate the wavelength
corresponding to the energy state accessed by 2PA. LaPPS
10 and LaPPS 38 present intense 2PA peak values at regions
close to the linear absorption owing to the enhancement of
the nonlinear response, which is brought about by the
energy closeness between the excitation wavelength and the
linear absorption band edge.24–27 Both polymers present
intense 2PA cross-section, reaching peak values (per repeat-
ing unit) of nearly 2000 GM for LaPPS 10 and 500 GM for
LaPPS 38 (1 GM5 1 3 10250 cm4 s photon21), comparable
with other conjugated polymers.28,29 In Figure 2(a,b), the
insets display the nonlinear transmittance changes curves as
a function of intensity, for wavelengths at 560 and 600 nm,
whose linear behavior (red line) evidences the 2PA excitation
process.
Because of the symmetry of the mer for each polymer, it is
possible to observe different features on the 2PA spectra
that are related to the charge distribution on the polymers.
In the case of the LaPPS 10, it is possible to observe a two-
photon-allowed band centered at about 300 nm with peak
value of about 800 GM. This band does not have a similar
one allowed via one-photon absorption (1PA) at the same
spectral region, as can be seen in the molar absorptivity
spectrum [Fig. 2(a)], indicating that the molecule is centro-
symmetric. In centrosymmetric molecules, one-photon-
allowed state is not two-photon allowed by electric-dipole
selection rules, indicating that the electronic states involved
on that specific transition have the same parity symmetry.
Additionally, the very low 2PA cross-sections for wavelengths
between 350 nm up to 420 nm are also in agreement with
centrosymmetric dipole-electric selection rules. At this case,
the electronic state localized at about 380 nm is one-photon
allowed (visible in the linear absorption spectrum), indicat-
ing that it is not allowed via 2PA. However, this 2PA band is
not null for LaPPS 10, and a possible reason is the relaxation
of the dipole-electric selection rules. For instance,30 relaxa-
tion of electric-dipole selection rules, allowing 1PA and 2PA
transitions to the same band, has been reported for platinum
acetylide complexes possessing different conformers.
The 2PA spectrum of LaPPS 38 does not present a well-
defined band, differently from LaPPS 10. The electronic transi-
tions observed at linear absorption spectrum are also observed
in the 2PA one. Such behavior can be explained due to the
noncentrosymmetric nature of the LaPPS 38 mer, whose
charge symmetry is broken by the vinylene group. With the
relaxation of the parity selection rules, both one-photon and
two-photon transitions are allowed to the same excited state.
Although the conjugation length (per mer) of LaPPS 38 is
slightly longer than LaPPS 10, the 2PA cross-section of the
former is smaller than the ones observed for LaPPS 10 [see
Fig. 2(a,b)]. The smaller 2PA cross-section of LaPPS 38 is
probably caused by the reduction in its planarity, which
FIGURE 3 Experimental Z-scan curves (open symbols) for LaPPS 10 (a) and LaPPS 38 (b). The theoretical fitting (solid line)
obtained with eq 1 provided the 2PA cross-section values displayed in Figure 2. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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modifies the transition dipole moments from the ground to
the excited state. The decrease in the planarity is also accom-
panied by a reduction of 2.5 times in the molar absorptivity
spectrum at the band centered approximately at 390 nm for
LaPPS 38. A similar effect was already reported for thio-
phene/phenylene-based polymer.31 In that study, the authors
compared the 2PA cross-section obtained for thiophene/phen-
ylene-based polymer containing about 15 consecutive units
with a thiophene/phenylene-based oligomer, where they
observed only an increment of about 2.5 times on the 2PA
cross-section for the polymer when compared with the
oligomer. In another work, Vivas et al.32 observed a reduction
of about 50% on the 2PA cross-section of poly(3,6-phenan-
threne) when the polymer changed its conformation from coil
to helix. The authors explained that the difference was
directly related to the decrease in the molar absorptivity, cor-
roborating the nonlinear optical results obtained by Vanorme-
lingen et al.,33 and also the results presented here.
In addition to 2PA, 3PA properties of both polymers have
also been investigated. Polymers displaying intense 3PA are
interesting candidates for optical applications,34–36 once such
materials can be excited by longer wavelengths (when com-
pared with 2PA), decreasing undesirable effects such as light
scattering. Figure 4(a) shows 3PA spectra (from 290 nm up
to 360 nm) of LaPPS 10 and LaPPS 38 polymers, with values
in the order of 1 3 10278 cm6 s2 photon22, which is within
the range values found for other conjugated polymers.35,36
Such 3PA spectra were plotted as a function of the excitation
wavelength divided by three, which is proportional to the
energy of the three photons combined. Figure 4(b,c) displays
normalized transmittance change curves as a function of
FIGURE 4 (a) Three-photon absorption cross-section (r3PA) of LaPPS 10 (open circles) and LaPPS 38 (open squares). The 3PA
cross-section spectra were plotted as a function of the excitation wavelength divided by three, which is proportional to the energy
of the three-photons combined. Images (b) and (c) display the normalized transmittance change curves as a function of intensity
at 1010 nm for LaPPS 10 (b) and at 870 nm for LaPPS 38 (c). The nature of the three-photon excitation is evidenced by the
slope52 of fitting of (b) and (c). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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intensity for LaPPS 10 (excitation wavelength at 1010 nm)
and LaPPS 38 (excitation wavelength at 870 nm). The slope
 2 (red line: log plot) corroborates the evidence of a 3PA
process. In Figure 4(a), one can observe that LaPPS 10
presents a 3PA cross-section of about 2.5 times higher than
LaPPS 38. In this case, 3PA follows the same dipole-electric
selection rules as the one-photon does, indicating a correla-
tion between 1PA and 3PA spectra.
Materials with intense two-photon fluorescence properties
are promising as active media for optical limiting devices,
which are capable of limiting transmitted light when its
intensity reaches a specific threshold. Such materials act as
an optical fuse, and therefore can protect optical devices (or
even the human eye) from damaging on exposition to very
intense light.13,14,37–39 The optical limiting behavior of LaPPS
10 and LaPPS 38 was investigated for an excitation wave-
length at 580 nm, evidencing that both polymers present
interesting features for limiting; at an input intensity of 20
GW cm22, the optical limiting action starts to occur for both
polymers, as indicated in Figure 5 when the curve starts to
deviate from the linear behavior observed for chloroform. At
300 GW cm22, for instance, the transmission observed for
LaPPS 10 (open circles) and LaPPS 30 (open triangles) are
70% and 80%, respectively. As observed in Figure 5, LaPPS
10 presents a stronger optical limiting behavior than LaPPS
38 at 580 nm, which is directly related to its higher 2PA
cross-section at this wavelength (see Fig. 2). Therefore, for
optical limiting applications within this spectral range, LaPPS
10 presents better performance than LaPPS 38. The effective
2PA optical limiting observed for both polymers makes them
potential materials to limit ultrashort laser pulses at the UV–
vis wavelength range. Figure 5 also shows fittings (solid
lines) obtained using the determined 2PA cross-section of
the polymers at 580 nm.
Another interesting application of two-photon-absorbing
materials regards upconversion lasing,40 in which the emis-
sion is extracted rather from the bulk than the active
medium surface. Both polymers presented intense two-
photon fluorescence emission on excitation at 580 and 650
nm. Figure 6 displays fluorescence intensity of both poly-
mers as a function of pulse energy, where the slope5 2 con-
firms the 2PA nature of the excitation. The two-photon
emission spectra of both polymers (not shown) span the
visible spectra, indicating that they could be used in upcon-
version lasing applications, as well as luminescent markers
in fluorescence microscopy applications.
In addition to investigating the macroscopic nonlinearities of
LaPPS 10 and LaPPS 38, the first-order hyperpolarizability
[hyper-Rayleigh scattering (HRS)] of both polymers have also
been studied. In such measurements, the intensity of the
scattered light is proportional to the square of the incident
light intensity according to the following equation:41
I2x5G:ðqsv b2sv1qst b2st ÞI2x: (3)
In eq 3, I(x) and I(2x) are the incident light irradiance and
the scattered light irradiance (at the doubled frequency of
the incident light), respectively. qsm and qst are the molecular
densities, and bsm and bst are the first hyperpolarizabilities
of the solvent and solute, respectively. By maintaining the
solvent density constant and varying the solute density, the
plot of I2x=I2xas a function of solute density yields a linear
curve with angular coefficient Gb2st . The HRS measured for
LaPPS 10 and LaPPS 38 in chloroform, given by eq 3, is dis-
played in Figure 7(a,b). Figure 7(c,d) displays the behavior
of I(2x)/I
2
(x) as a function of solute concentration. The first
hyperpolarizability of both polymers can be calculated by
the following equation:
FIGURE 6 Fluorescence intensity signal versus pulse energy for
LaPPS 10 and LaPPS 38 using excitations at 580 nm (square and
circle, respectively) and 650 nm (up and down triangles, respec-
tively). The solid lines represent the fitting with slope 2, which
reveals the 2PA nature of the excitation. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
FIGURE 5 Output intensity versus input intensity for LaPPS 10
(open circles) and LaPPS 38 (open triangles) at 580 nm, evi-
dencing their optical limiting properties induced by 2PA. The
solid lines are fittings obtained with 2PA cross-section of the
polymers at 580 nm. For comparison, the output intensity for
chloroform (open squares) is also displayed, showing none
optical limiting. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
FULL PAPER WWW.POLYMERPHYSICS.ORG
JOURNAL OF
POLYMER SCIENCE
752 JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2014, 52, 747–754
bsample5
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
asample
areference
breference
r
: (4)
In eq 4, asample and areference are the angular coefficients of
the compound and reference, respectively. breference is the
value of the first hyperpolarizability of reference (in case of
p-NA, this value is 18 3 10230 cm5 esu21).23 Such procedure
yielded b values of 480 3 10230 cm5 esu21 for LaPPS 10
and 460 3 10230 cm5 esu21 for LaPPS 38.
A correlation between the HRS and 2PA and 3PA results for
both polymers can be observed. Specifically, the first hyper-
polarizability for LaPPS 38 is slightly smaller than LaPPS 10,
whose decrease was also noticed for 2PA and 3PA cross-
sections. One explanation can be found in the study of
Vanormelingen et al.,33 where they observed a decrease in
the HRS signal for poly(3,6-phenanthrene) caused by the
effect of lowering solvent quality, changing the polymer con-
formation from coil to helix, which decreased the molar
absorptivity. Here, we also observed a decrease of molar
absorptivity of LaPPS 38 when compared with LaPPS 10.
CONCLUSIONS
In this study, the multiphoton absorption of newly synthe-
sized polyfluorene derivatives, LaPPS 10 and LaPPS 38, has
been investigated. Both polymers present intense 2PA cross-
section values in the spectral range from 500 nm up to 900
nm, reaching peak values of nearly 2000 GM for LaPPS 10.
Because of the intense 2PA properties of these materials,
brought about mainly due to their high conjugation along
the polymer backbone, optical limiting behavior and intense
fluoresce could be observed. In addition to the 2PA proper-
ties, the materials also present 3PA (in the order of 1 3
10278 cm6 s2 photon22), which could further advance the
use of these materials for nonlinear optical applications.
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